Sequence evolution of the reverse transcriptase (RT) gene in retrotransposons belonging to the Ty1-copia class was studied in 11 plant species. Phylogenetic reconstruction of the evolutionary history of RT sequences indicated a strong pattern of purifying selection, manifested as high ratios of third to first plus second codon position substitutions, and low ratios of nonsynonymous substitutions per nonsynonymous site to synonymous substitutions per synonymous site, especially in internal portions of the element phylogenies. Evidence of purifying selection was most pronounced in plant species with low estimated copy numbers of Ty1-copia elements. This finding is consistent with the hypothesis that high element turnover rates (e.g., caused by high rates of element loss and selection against high element copy number) favors elements capable of transposition. Simulations of RT sequence evolution were conducted to help verify the logical validity of this conclusion. The results argue that it is incorrect to assume that low copy numbers of transposable elements are the product of reduced levels of element activity.
R
etrotransposons are mobile genetic elements that replicate by reverse transcription (1) . They are widespread in plant and animal genomes and are thought to be important contributors to genome evolution by causing a broad spectrum of mutations, reorganizing genomes, and contributing to the physical size of the host genome (2) . The advent of PCR methods for amplifying conserved regions of retrotransposons (3, 4) has led to the proliferation of large numbers of molecular level studies of these elements, especially of Ty1-copia class of retrotransposons in plants (5) (6) (7) (8) (9) . Many investigations have focused on determining the chromosomal position of retroelements by using in situ hybridization and on copy number estimates through Southern blot and slot blot analyses. It is now appreciated that a large fraction of the repeat portions of many plant genomes are comprised of retroelements (10) (11) (12) . The copy number of copia-like retrotransposons in plants has been estimated to vary over 4 orders of magnitude, from several hundred elements per genome in Arabidopis thaliana to around one million in Vicia faba (1) .
One region of these elements, that corresponding to a portion of the reverse transcriptase (RT) gene, has been the subject of many analyses of sequence evolution. RT sequences in plants exhibit a high degree of diversity (1) , and the level of sequence heterogeneity is correlated with the total number of elements per genome in some plant groups (13) . To account for these observations, Flavell et al. (13) proposed that retrotransposon copy number has historically experienced varying degrees of selective constraint in different host species. For example, in host species where smaller genomes have been favored, perhaps as a consequence of selection for rapid cell division (14, 15) , genomic numbers of retrotransposons may have become reduced. In contrast, in host species where selection against retroelements has been relaxed, the expansion of element copy number may have occurred. According to this hypothesis, when there has been selection for reduced numbers of retroelements, defective elements, which are incapable of transposition, should be rapidly eliminated from the genome compared with transpositionproficient elements. The latter are more likely to escape selective removal as a result of their ability to increase in numbers through transposition. Thus, when examining sequence evolution of genes involved in transposition, the model predicts that purifying selection (e.g., as evidenced by low ratios of nonsynonymous substitutions per nonsynonymous site to synonymous substitutions per synonymous site, and low incidence of stop codons in sampled RT sequences) should be most pronounced in elements that occur within host genomes harboring relatively few elements (16) .
Purifying selection of transposable element (TE) sequences has, in fact, been documented in a number of cases, but it has rarely been related to the population biology of the elements. For example, by conducting phylogenetic analyses of retroelements belonging to the non-long terminal repeat group Helena in Drosophila, Petrov and Hartl (17) were able detect a pattern of selection against nonsynonymous substitutions in active element lineages. In yeast, a similar examination of the pattern of nucleotide substitution in the phylogeny of Ty1 and Ty2 retroelements suggested that selection against nonsynonymous substitutions has occurred in active element lineages (16) . Although these investigations demonstrate that inferences about TE population history can be made by examining patterns of sequence evolution, there have been no comparative evolutionary investigations of element sequences in host genomes harboring many versus few TEs. In this article we examine patterns of nucleotide substitution in the evolutionary histories of Ty1-copia retrotransposons that occur in the genomes of different plant species, using data published in GenBank, supplemented with additional copia-RT sequence data obtained in the lab. Relative levels of past purifying selection in RT sequences are inferred from these analyses. The comparison focuses especially on contrasts between plant genomes exhibiting low versus high Ty1-copia element copy number. Our findings are interpreted with the aid of simulation models that examine how copia-RT sequences evolve when forces that reduce TE number vary.
Materials and Methods
Copia-RT Sequence Data for Plant Species. Copia elements in plant species were chosen for analysis because of the wide range of copy numbers reported. For all species except A. thaliana and Zea mays, copia-RT sequences were extracted from GenBank between November 1, 2000 and February 15, 2001 (Table 1) . The RT sequence data were obtained originally by different investigators through direct sequencing of PCR-amplified portion of the RT gene (3, 4) . Because of the potential for selective amplification by PCR, it is possible that the RT sequences available on GenBank represent a nonrandom subset of the entire population of RT sequences in the host genomes analyzed.
For A. thaliana, RT sequences were obtained for copia-like elements that were previously identified by sequence similarity searches of the Arabidopsis Genome Project (23) . For studies in maize, the number of RT sequences available on GenBank was insufficient for our study, and so PCR cloning was used to obtain This paper was submitted directly (Track II) to the PNAS office.
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additional information for this species. DNA was extracted from Z. mays cv. Seneca horizon with a Qiagen (Chatsworth, CA) DNAEasy plant mini-kit. Amplification of the RT-conserved domain was done following the protocol described by Voytas et al. (4) . PCR products were ligated into pCR 2.1 and subcloned into INV-FЈ-TOP10 competent cells (Invitrogen). Positive colonies were selected, and the plasmids were extracted by alkaline lysis. Plasmids were digested with the appropriate restriction enzyme for cutting out the inserted PCR product of approximately 280-300 bp. Plasmid DNA was purified with QIAprep Spin miniprep kits (Qiagen). Sequencing reactions were done with a Sequitherm Excell II-Kit LC (Epicentre Technologies, Madison, WI), using labeled M13 primers from Li-Cor (Lincoln, NE). Sequencing was performed with a Li-Cor-4200 Long ReadIR automated sequencer.
Copy Number Estimates for Ty1-copia Sequences. Copy number estimates for Ty1-copia elements were obtained from published reports and are based on results obtained by using slot blots, Southern blots, and hybridization to bacterial artificial chromosome genomic libraries (Table 2) . Slot blots are the most accurate of these techniques, because the estimates are calibrated by using known concentrations of DNA (6) . Southern blots are most appropriate when estimating lower copy numbers, in the range of hundreds or fewer elements per genome (24) . Hybridization to bacterial artificial chromosome genomic libraries gives estimates of copy number by enumerating the number of colonies to which the RT probe hybridizes, but the method cannot distinguish the presence of more than one element in each colony. For A. thaliana, the existence of genome sequence and sequence similarity searches that have identified most known TEs in this species (23) allowed us to directly estimate the number of Ty1-copia elements in noncentromeric regions.
Because of the problems of comparing copy number across species (e.g., hybridization conditions that vary among investigations), the copy number estimates presented here are viewed as qualitative-capable of distinguishing high versus low copy numbers for copia-like elements. The comparisons below, therefore, are based on classifying the copy numbers as ''low'' (Յ 10,000 elements per genome) or as ''high'' (Ͼ 10,000 elements genome), which splits the plant species included in the study into two roughly equal-sized classes. Additional analyses were performed based on the relative ranking of the copy number estimates.
Sequence Alignment, Polymorphism Analysis, and Phylogenetic Reconstruction. For elements from each plant species, multiple sequence alignments were done with CLUSTALX (25) , using the default gap insertion͞extension penalties. Further alignment was done with the program PILEUP (GCG, version 10.0), using the translated amino acid product described by Xiong and Eickbush (26) Phylogenetic reconstruction of the aligned sequences was done by using maximum parsimony and maximum likelihood, with PAUP* 4.0b8 (28) , using the HKY85 model (29) of nucleotide substitution. For maximum parsimony tree reconstruction, nucleotide positions were accorded equal weight, and heuristic searches were performed with tree bisection-reconnection branch swapping and 100 random stepwise addition replicates. The score of the best tree was retained, and an additional heuristic search with tree bisection-reconnection branch swapping was done, filtering all candidate trees for minimum score.
Analysis of Synonymous and Nonsynonymous Sequence Evolution. As discussed by Petrov and Hartl (17) , when sampled RT sequences are derived from different elements, nucleotide substitutions that fall in the internal branches of the element phylogeny (i.e., shared by two or more element sequences) most likely have occurred in a transpositionally active lineage of elements. On the other hand, nucleotide substitutions in the terminal branches of the phylogeny could have occurred either in an actively transposing lineage, or in a lineage in which there has been no transposition. Thus, nucleotide substitutions in genes that are involved in transposition and that map to internal branches of the element phylogeny are expected to be more highly constrained by the action of natural selection on the RT sequence than those occurring along terminal branches. For this reason, the analysis of purifying selection described below focuses on sequence evolution along the internal branches.
Maximum parsimony was used to reconstruct sequences at internal nodes of the phylogeny and to map the nucleotide changes occurring in internal and terminal branches (17) . Base substitutions were classified as first, second, and third codon position changes. Because most third-position substitutions are synonymous, whereas most first-and second-position substitutions are nonsynonymous, an excess of third-position substitutions suggests that the sequence in question is evolving under selective constraint. Deviations from equal numbers of changes at the three codon positions were evaluated by 2 tests. Codon-based analysis of sequence evolution, as implemented in the program CODEML in the package PAML (phylogenetic analysis by maximum likelihood), version 3.0a (30) , was used to estimate the ratio of nonsynonymous substitutions per nonsynonymous site to synonymous substitutions per synonymous site, d N ͞d S . This procedure estimates the ratio d N ͞d S for the entire phylogeny of the elements or for specific branches. The maximum-likelihood trees found by using PAUP was used in this portion of the analysis. Different tree topologies were compared by using the KishinoHasegawa test (31) .
A potential problem in estimating d N ͞d S ratios for divergent sequences such as the RT loci analyzed in this study is the possibility that multiple substitutions per site may lead to saturation of the estimate of d S (i.e., the estimate of d S will be less than its actual value) (32) . Estimation of d N ͞d S , ratios using a phylogenetic approach, however, helps to ameliorate this problem, as estimates are obtained along shorter segments of the phylogenetic tree connecting the divergent sequences from one another, and when there are many such sequences per tree (as in the data analyzed here), there are many relatively short branch segments per tree.
The ratio d N ͞d S was estimated: (i) separately for internal and terminal branches; and (ii) globally (single d N ͞d S for the entire tree) as described by Yang (30) . The log likelihood ratio test was applied to determine whether separate estimates of d N ͞d S for internal and terminal branches led to a significant improvement in the likelihood. The test was also used to determine whether d N ͞d S ratios differ from 1.0; i.e., log likelihoods were compared when d N ͞d S ratios were estimated and when d N ͞d S was constrained to a value of 1.0. The test statistic is 2⌬L ϭ 2 (L i Ϫ L j ), where i and j (i Ͼ j) are the number of d N ͞d S ratios estimated, is distributed as 2 with i-j degree of freedom. When the likelihood ratio test statistic for the comparison of global d N ͞d S ratios versus separate internal and terminal d N ͞d S ratios was insignificant, the global d N ͞d S ratio was interpreted to be the best estimate for both the internal and terminal d N ͞d S ratio. Simulation studies have shown that the power of the likelihood ratio test to detect non-neutral evolution peaks at between low to moderate and high levels of sequence divergence (33) , as in the case of the RT sequences analyzed here.
In addition to examining patterns of nonsynonymous and syn- onymous nucleotide changes in the RT sequences, the number of stop codons per sequence was enumerated for the different species studied.
Simulations. Simulation of TE dynamics followed the procedure outlined by Charlesworth and Charlesworth (34) . Briefly, a population of size N diploid individuals, each with a genome consisting of L unlinked TE insertion sites per haploid genome, was assumed. The initial number of TEs per genome was determined randomly by using a Poisson distribution with a mean of E elements per diploid genome. These elements were distributed at random positions among the 2L sites per genome. Selection, gamete production and mating were then simulated. Specifically, the fitness of the ith individual was assumed to equal w i ϭ 1 Ϫ sn i t , where s represents the selective effect of each insertion, n i is the number of insertions in the ith individual, and t is an exponent with a value greater than one-a stable equilibrium copy number of TEs occurs only when elements interact synergistically to determine host fitness (34) . After mating, a random number of Poisson-distributed replicative transposition and loss events (e.g., as may occur through long terminal repeat-long terminal repeat recombination) were simulated, assuming per element probabilities of transposition and loss of U and V, respectively. The cycle began anew with selection, as described above. The simulation of TE dynamics was checked for accuracy by comparing the results with analytical findings and other published simulation results (34) .
To examine how RT sequences evolve when simulation conditions lead to different equilibrium copy numbers, sequence evolution was incorporated into the dynamical simulation described above. The initial complement of TEs harbored by each individual was assumed to consist of a single, 99-bp coding (33 codon) segment of RT. The sequence was assumed to code for a functional RT product. Each generation, before transposition, elements were allowed to mutate at random with a per-element probability of mutation of . Mutation could occur with equal probability at any of the three base positions in the codon. Nonsynonymous mutations in the RT sequence were assumed to impair transposition by reducing the probability that the mutated element transposes by mp, where m is the number of nonsynonymous mutations in the RT sequence, and p is the reduction in transposition probability per nonsynonymous mutation. The simulation procedure was verified for accuracy by comparing the results obtained for selectively neutral RT sequence evolution (i.e., no penalty for nonsynonymous mutations) against the analytical-derived probability of identity of two randomly chosen elements at equilibrium ⌽ ϭ 1͞(1 ϩ 2Nc) (35) , where c is the mean copy number of elements per genome.
RT sequence evolution was compared under simulation conditions that produced contrasting equilibrium copy numbers of retrotransponsons (e.g., high versus low rates of retrotransposon loss, and strong versus weak selection against retrotransposon copy number). In the present model, it is assumed that these conditions are element-specific. RT sequences were sampled to determine frequency distributions of numbers of nonsynonymous differences between element sequences present in the equilibrium population of retrotransposons versus the initial RT sequence at generation 0.
Results

Variation in RT Sequences and Copy Number of Ty1-copia Elements.
Data for 22-74 copia-RT sequences per plant species were available on GenBank (Table 1 ). The sequences were heterogeneous both within and between plant species. Nevertheless, several highly conserved motifs were present in all sequences studied (Fig. 1) . The conserved motifs are similar to those observed in the copia-RT sequence analyzed from Drosophila (36) and in other plant species (4) (Fig. 1) . Nucleotide diversity of the RT sequences was high in all species studied ( Table 1) .
The copy number estimates for Ty1-copia elements ranges from several hundred per genome in A. thaliana and Oryza sativa, to several hundred thousand in Picea abies and V. faba ( Table 2) .
Patterns of copia-RT Sequence evolution. Maximum parsimony reconstruction of copia-RT sequence evolution revealed excesses of third-position substitutions in both the internal and terminal portions of the element phylogenies of all host species except that of V. faba (Fig. 2) , where no third-position excess was found along the terminal branches. Concordant with the analyses of third-to first-ϩ second-position substitutions, are the estimated d N ͞d S , ratios, which are all significantly less than 1.0 by the likelihood ratio test ( 2 Ͼ 100, P Ͻ 0.001 for all comparisons). The d N ͞d S ratios range from 0.023 to 0.414 for the internal portion of the phylogenies and from 0.102 to 0.414 for the terminal portions. In eight of 11 species, the likelihood ratio test revealed that d N ͞d S ratios for internal portions of the element phylogeny are significantly less than those for the terminal portions (Table 3) . The values of d N and d S , along the different branch segments or each tree, are given as supporting information, which is published on the PNAS web site, www. pnas.org.
In all of the species investigated, some of the copia-RT sequences sampled contain stop codons, but the proportion varies widely between species (Table 4) . A. thaliana has the smallest proportion of stop codons in the set of sequences analyzed (0.07), whereas V. faba has the largest (0.80) ( Table 4) .
Sequence Evolution and Copy Number of Ty1-copia Elements. The internal d N ͞d S ratios for the low copy number species group, consisting of O. sativa, A. thaliana, Vicia melanops, Lycopersicon esculentum, Pisum sativa, and Vicia sativa (mean ϭ 0.06) are significantly smaller than the internal d N ͞d S ratios for the high copy Species listed in order of increasing copy number of Ty-copia elements. *** , P Ͻ 0.001; ** , P Ͻ 0.01. Both the internal d N ͞d S ratios and the proportion of sequences containing stop codons increase with the estimated copy number of Ty1-copia elements per genome (Fig. 3) . The rank correlation between the internal d N ͞d S ratio and estimated copy number is significant (Spearman r s ϭ 0.83, P Ͻ 0.01), as is the rank correlation between the proportion of copia-RT sequences containing stop codons and estimated copy number (Spearman r s ϭ 0.71, P Ͻ 0.025).
Simulation Results. RT sequence evolution was compared under simulation conditions that produced a range of equilibrium copy numbers of retrotransposons. In all cases, equilibrium copy numbers were obtained after several hundred generations (Fig. 4) . When nonsynonymous mutations were allowed to cause reductions in the probability of transposition, the frequency distribution of the proportion of nucleotide changes that are nonsynonymous contrasted strongly under lower versus higher copy number conditions (Fig. 4) . In particular, under lower copy number equilibria, the standing population of retrotransposons contained RT sequences with relatively few nonsynonymous changes compared with populations under higher copy number equilibria.
Discussion
Sequences of Ty1-copia Elements. There is a large degree of sequence conservation among the RT genes examined in this study. The conserved motifs illustrated in Fig. 1 have been detected in most copia-RT sequences in plants (4) . This sequence conservation is consistent with the evidence of purifying selection observed for RT sequences in all of the species investigated here, manifested as significant excesses of third-position substitutions in the parsimonybased analysis of sequence evolution, and by the maximumlikelihood estimates of d N ͞d S ratios Ͻ 1.0, obtained from the codon-based analysis ( Table 3) .
As expected, purifying selection is most pronounced along the internal branches of the phylogenies (Table 3) . Strong purifying selection in RT sequences has also been inferred in the case of Ty1 elements in yeast genome by Jordan and McDonald (16) , who interpreted it as arising from rapid turnover of elements. They noted that the yeast genome possesses mechanisms (e.g., intraelement long terminal repeat recombination) that can repress and eliminate Ty1 elements. Stop codons, as detected here in a proportion of the RT sequences analyzed, have been noted to be relatively frequent in plant retrotransposon coding sequences (7) ( Table 4 ). According to the complete Ty1-copia data from A. thaliana, examination of the RT sequences alone may underestimate the fraction of elements that are defective. In A. thaliana, 7% of the partial RT sequences contain stop codons (Table 4) . But, if all Ty1-copia elements that contain stop codons or lack the full RT sequence are analyzed, 61% of copia-like retrotransposons in Arabidopsis would be classified as defective. Unfortunately, because sequence data from the other 10 host plant species studied here do not typically include portions of the Ty1-copia elements that lie outside the RT region, we cannot be certain of the total fraction of the elements in these species that are defective.
Ty1-copia Sequence Evolution and Copy Numbers. Among the different plant species compared in this study, the estimated copy number of Ty1-copia elements ranges over 4 orders of magnitude. The average d N ͞d S in the internal portions of the element phylogenies is significantly smaller in low compared with high copy number species. As well, there is a significant rank correlation between the estimated d N ͞d S in the internal portions of the element phylogenies and the respective copy number estimates for the host species. The   Fig. 3 . Scatter plots of estimated dN͞dS ratios for internal portions of copia-RT phylogenies versus estimated copy numbers of Ty1-copia elements in 11 plant species (F), and observed proportions of copia-RT sequences containing stop codons versus estimated copy number (E). . Illustrated are copy number versus generation, and patterns of substitution for 10 different simulation trials per parameter combination. Other simulation parameters used were identical in all runs and were: n ϭ 50 individuals, L ϭ 500 insertion sites, E ϭ 10 TEs per genome at start of simulation, transposition rate U ϭ 0.01, selection coefficient s ϭ 0.0005, per element probability of mutation ϭ 0.001, reduction in probability per nonsynonymous mutation P ϭ 0.2. Histograms of proportions of nonsynonymous changes are based on sampling the haploid complement of elements from 10 individuals per trial at generation 10,000.
low copy number species have fewer stop codons in the RT sequences compared with high copy number species, and there is a significant rank correlation between the proportion of sequences containing stop codons and the estimated copy numbers.
The pattern of more pronounced purifying selection in RT sequences in low copy number genomes is unlikely to be an artifact of high levels of nucleotide diversity among the RT sequences. In particular, some of the most divergent RT sequences, where saturation of the estimate of d S might be expected to lead to underestimation of the d N ͞d S ratio, are found in the low copy number species (see supporting information on the PNAS web site). Thus the d N ͞d S ratios for these species may be even smaller than reported here, and the pattern of small d N ͞d S ratios in the low copy number species may be even stronger than actually observed.
The findings are consistent with the hypothesis that RT sequences in plant genomes that harbor fewer Ty1-copia elements have evolved under a higher degree of selective constraint compared with those in species with higher copy numbers, an interpretation that is bolstered by the simulation results. The latter show that when there is strong selection against individuals harboring many elements, and͞or high per-element loss rates leading to low copy numbers of elements, the vast majority of elements that comprise the equilibrium population of retrotransposons contain few nonsynonymous mutations and are transpositionally competent. This is in contrast to simulation conditions where there is weaker selection against individuals with many elements and͞or low rates of element loss, which allows both a larger element population per genome, as well as one with many nonsynonymous mutations.
Another possible reason RT sequences appear to evolve under lower selective constraint in host genomes with many elements may pertain to coevolutionary coexistence between nonautonoumous and autonomous elements. That is, in species with higher copy numbers of Ty1-copia elements, a large fraction of the elements may contain mutations in the RT sequence or in other functional portions of the sequence, but nevertheless, transpose in the presence of reverse transcriptase produced by other (autonomous) elements in the genome (1) . If Ty1-copia elements are, in fact, capable of trans-activation, this could reduce the degree of selective constraint on the RT gene. The coexistence of defective elements with wild-type elements is supported by theoretical analysis (39) .
Conclusions. It has sometimes been argued that copy numbers of TEs can be interpreted as a direct reflection of activity levels-i.e., elements present in high copy numbers are equated with elements that have high transposition rates (20, 21) . The findings in this study suggest that this view is incorrect. Both the pattern of stronger purifying selection of RT sequences in genomes with fewer elements, and the findings from simulated RT sequence evolution suggest that there can be the strong selection for conservation of function in elements that are present in relatively few copies per genome. That is to say, low copy numbers may reflect an underlying dynamic equilibirum, such that only the most transpositionally active elements are capable of long-term persistence. This does not, however, argue against the possibility that genomes may also contain remnant element sequences that are the product of their coancestry with other taxa, particularly in cases where these sequences have been co-opted to serve other functions (40, 41) .
